The Sacramento splittail (Pogonichthys macrolepidotus) is a relatively large (400 mm), long-lived (8 years) demersal cyprinid of conservation importance endemic to the San Francisco Estuary (SFE), California, USA. It exhibits a semi-anadromous life cycle spending adult life in low to moderate salinity (0-12) habitat with migrations into upstream freshwater rivers and floodplains for spawning during winter-spring. The species persists as two genetically distinguishable populations -one dominant and one subordinate -separated by discrete spawning habitats that we suggest resemble an island-mainland metapopulation structure. The populations overlap in distribution in the SFE, yet segregation is maintained with individuals tending to aggregate or school with others of similar population heritage and natal origin. The populations are spatially connected via dispersal of the dominant population into the subordinate population's spawning habitat when climate patterns produce freshwater outflow sufficient to form a bridge of suitable low salinity habitat across the upper SFE. Habitat affinities of the two populations, hydrodynamic modeling studies, and historical outflow records together suggest such conditions occur in approximately 1/3 of years overall with an irregular frequency. This dynamic pattern of spatial connectivity controlled by climate variability may be an important driver of gene flow between the two populations.
Introduction
The extent to which discrete populations are connected by migration of individuals can substantially influence local and overall population dynamics, as well as the evolution and risk of extinction of a species. There is a great diversity of dispersal mechanisms supporting population connectivity across taxonomic groups and habitats. For example, freshwater invertebrates disperse actively as adults or passively in other life stages by water or animal vectors (Bilton et al. 2001) , and marine populations are frequently connected by dispersal of planktonic larvae transported by ocean currents (Cowen and Sponaugle 2009) . Understanding the mechanisms, scales, and outcomes of population connectivity under present and future climate conditions are crucial for guiding policy and management decisions, especially for at-risk species.
Metapopulation theory serves as a useful framework for evaluating how spatial structures function to influence local and overall population dynamics (Hanski and Simberloff 1997) , especially in aquatic environments (Dunham and Rieman 1999; Kritzer and Sale 2004 ). Yet, it is challenging to collect the necessary demographic data to elucidate that populations are in fact functioning as metapopulations. The majority of empirical studies have been demonstrated in terrestrial systems, though some studies on aquatic systems have emerged in recent years (Hanksi and Gaggiotti 2004) . Historically, a substantial impediment to understanding and quantifying population connectivity and dispersal has been the inability to track the position, movements, and origins of individuals, especially in aquatic environments. A number of technologically advanced tools are now available to researchers for studying population connectivity. These include actively observing animal movements by monitoring marked or tagged individuals and passively reconstructing animal movements through the use of physical, chemical, or molecular markers.
In aquatic habitats, there has been substantial development of the application of genetic and otolith microchemical markers as tandem tools for understanding movements and dynamic spatial structures in fish populations (Milton and Chenery 2001; Miller et al. 2005; Barnett-Johnson 2007) . Genetic markers are useful for understanding population structure on an evolutionary time scale as indicated by gene flow and also to address questions at a contemporary scale by providing real-time estimates of individual movements (Paetkau et al. 2004; Manel et al. 2005; Lowe and Allendorf 2010) . Otolith microchemical markers are useful at ecological time scales because of how otolith elemental composition reflects that of the water in which fish grow (Campana 1999) . In this study, we combine the application of genetic and otolith markers in a complementary fashion to discern the temporal and spatial scales of population connectivity (spatial overlap) of a semianadromous migratory fish species of concern, the Sacramento splittail (Pogonichthys macrolepidotus; hereinafter referred to as splittail) in the San Francisco Estuary (SFE), California, USA (Fig. 1) .
The splittail and SFE are a model species and system to study the role of connectivity on population dynamics, evolution, and risk of extinction. The species is endemic to the SFE, which offers an exceptional opportunity to exhaustively study the populations that contribute to the status of the entire species. Splittail has previously been listed as threatened under the US Endangered Species Act and is presently listed as a Species of Concern by the State of California (Sommer et al. 2007 ). There is an urgent need to better understand splittail population connectivity and dynamics because (i) it is the only extant member of its genus following the extinction of the Clear Lake splittail (Pogonichthys ciscoides) (Moyle 2002) , and (ii) the information is needed to guide species management associated with contentious water development and habitat restoration activities in the SFE (Sommer et al. 2007 ).
The splittail is a relatively large demersal cyprinid (maximum fork length ϳ400 mm), which exemplifies the periodic strategist life history type under the Winemiller and Rose (1992) triangular life history model (Sommer et al. 1997; Moyle et al. 2004; Feyrer et al. 2005) . The species exhibits a semi-anadromous life cycle in that it spends the majority of its adult life in low to moderate salinity (0-12, all salinity values reported as practical salinity units) habitats of the SFE and migrates into upstream freshwater rivers and inundated floodplains for spawning during late winter and spring. Some splittail may remain in the spawning grounds year-round. This is especially true in the Napa and Petaluma rivers because elevated salinity in these rivers can constrain suitable habitat to the upstream regions where spawning also occurs. Production is strongly tied to hydrology as wet winters trigger mass upstream migrations and spawning on inundated floodplains (Sommer et al. 1997; Moyle et al. 2004) . Offspring move from natal freshwater habitats downstream to the brackish SFE on the descending limb of the seasonal hydrograph during late spring and summer (Feyrer et al. , 2007b . Juvenile splittail rear in the SFE for approximately 2 years until reaching sexual maturity and then begin spawning migrations (Daniels and Moyle 1983) . Splittail are iteroparous with a life-span of approximately 8 years (Daniels and Moyle 1983) .
There are two genetically distinguishable populations of splittail (Baerwald et al. 2006) , one that spawns in western tributaries (the Petaluma and Napa rivers; hereinafter referred to as the PN Fig. 1 . Map of the upper San Francisco Estuary showing the study area. The Sacramento-San Joaquin Delta is not shown and is located immediately upstream (to the east) of the area depicted on the map. SR = Sacramento River; SJR = San Joaquin River. population) and another that spawns in eastern tributaries located within California's Central Valley (hereinafter referred to as the CV population). Although the absolute sizes are uncertain, genetic evidence suggests that the CV population is several orders of magnitude larger than the PN population (Mahardja et al. 2014) . Although the very existence of two genetically distinguishable populations suggests at least some degree of isolation, the dynamics of how the two populations are connected is unknown and has important implications for how the species as a whole is managed. Given that the two populations (i) exhibit genetic differentiation, (ii) are substantially different in size, and (iii) exhibit spatial isolation with discrete spawning habitats, we hypothesized that there was minimal connectivity and that the two populations represented separate evolutionarily significant units (ESUs) or demes (Waples 1991; Waples and Gaggiotti 2006) . The alternative hypothesis is that there is nontrivial connectivity and the two groups function as some type of metapopulation. The case for metapopulation dynamics in splittail is analogous to that of anadromous fishes such as salmonids (Schtickzelle and Quinn 2007) , though on a different spatial scale. Both splittail and anadromous salmonids spawn in distinct breeding habitats, for which they appear locally adapted (salmonids: e.g., Quinn 2004, Carlson and Seamons 2008; splittail: N. Fangue, Department of Fish, Wildlife, and Conservation Biology, University of California, Davis, unpublished data). For splittail, high salinity regions of the SFE physically separate the two populations during the breeding season and could be considered the functional equivalent of the ocean for anadromous salmonids during the nonbreeding season where the populations co-occur (Baerwald et al. 2008) .
At least three basic conditions are required to suggest the occurrence of metapopulation dynamics: (1) populations inhabit discrete breeding habitat patches separated by unsuitable habitat, (2) populations are connected through dispersal, and (3) population dynamics and traits are not perfectly synchronous (Hanski et al. 1995) . Although extinction has historically been an important aspect of metapopulation dynamics (Levins 1969; Hanski and Simberloff 1997; Hanski 1999) , we agree with others (Kritzer and Sale 2004 ) that presence-absence data alone is sometimes too coarse for modern metapopulation dynamic applications in fisheries and other ecological considerations, especially in cases involving the conservation of threatened and endangered species. The first of the key metapopulation dynamic criteria is fulfilled in splittail, as the saline region of SFE is not suitable breeding habitat and separates the two populations during breeding. However, the extent to which the populations are connected through the exchange of individuals and the level of demographic or trait independences remain largely untested and represent the primary foci of our study.
In this study, we took an interdisciplinary approach using empirical data collected from both the field and laboratory to answer the question of whether the two splittail populations represent distinct ESUs or function as metapopulations. These data were used to quantify the extent of spatial overlap between the two populations, characterize differences in demographic traits, and assess the health and condition of splittail at multiple scales. To examine spatial dynamics, we intensively sampled adult splittail in the SFE when they reside on foraging grounds during the nonbreeding season and also in the PN population's breeding habitat and applied previously developed genetic (Baerwald et al. 2006) and otolith microchemistry (Feyrer et al. 2007a) tools to identify from which genetic population and natal regions individual splittail originated. We assessed demographic traits and health and condition by examining a suite of size, growth, morphometric, and nutritional indicators. We addressed three specific study questions and integrate the results to address our hypothesis on splittail population structure: (i) Are individuals from the two populations found disproportionately in specific geographic foraging regions or habitats of the estuary? (ii) Do individuals within aggregations or schools in their foraging grounds originate from the same population or natal region? (iii) Do individuals within a population or within a geographic region exhibit differences in demographic or health metrics relative to others?
Study area
The SFE is located on the Pacific Coast of the United States in central California (Fig. 1) . It has an open water surface area of approximately 1235 km 2 , a mean depth of 4.6 m, and a volume of approximately 5.8 × 10 9 m 3 . From its relatively narrow connection to the Pacific Ocean at the Golden Gate, the estuary opens up into several relatively large embayments, including South Bay, Central Bay, and San Pablo Bay. South Bay is generally considered to be a marine lagoon environment, while the rest of the system is much more affected by seasonal and annual variations in outflow from the watershed. Within San Pablo Bay and upstream into Suisun Bay, Grizzly Bay, and Honker Bay, the system typically exhibits a range of conditions intermediate between marine and freshwater environments. The system ultimately becomes dominantly a freshwater environment in the Sacramento-San Joaquin Delta, an expansive maze of tidal channels encapsulating dry and inundated tracts of land, which is formed at the confluence of the Sacramento and San Joaquin rivers, the two longest rivers in California.
Physical and biological properties of the SFE are controlled by complex interactions of processes that operate at varying frequencies and scales. Key primary external factors include climatic drivers that manifest through conditions in the watershed and the northeastern Pacific Ocean. The prevailing Mediterranean climate is generally characterized by a warm and dry summer-fall period and a cool and wet winter-spring period, which controls the amount outflow entering the estuary from the watershed.
Methods

Field sampling
Field work was conducted in splittail foraging grounds in the SFE during November and December in 2010 and 2011 under a stratified random sampling design targeting full coverage of splittail estuarine distribution. The upper SFE from San Pablo Bay upstream to the confluence of the Sacramento and San Joaquin rivers was divided into six approximately equal area strata, and random sampling sites within them were generated using Arc-MAP GIS software (ESRI, Redlands, California, USA). During 2011, random sampling sites were stratified equally between offshore and littoral zones, whereas in 2010 there was no such stratification between these two habitat zones. Random sampling was supplemented with nonrandom targeted collections of splittail in the SFE within the strata framework in an attempt to increase the number of individual splittail available for assessing individual health and fitness.
Targeted sampling of splittail in their spawning habitat within the Petaluma and Napa rivers was also conducted to collect individuals for health and fitness, assess the overall spatial distribution of splittail within these two rivers, and to test the extent to which adults originated from each population. In the Petaluma and Napa rivers, sampling was initiated in downstream locations in habitats considered too saline for splittail occupancy and progressed to the upstream-most accessible freshwater spawning habitat, covering all representative offshore and littoral zones. The relatively small size of the channels in the Petaluma River and Napa River systems resulted in efficient sampling and accurate characterization of the spatial distribution of splittail. A total of 178 random samples and 209 targeted collection samples were completed.
Sampling was conducted with multimesh gill nets that measured 1.8 m in height × 45.7 m in length with five equal length panels of 38, 51, 64, 76, and 89 mm mesh. Mesh sizes were selected to effectively sample all age groups of adult splittail and were chosen based upon the results of previous unpublished studies with experimental gill nets (R. Baxter, California Department of Fish and Wildlife, Stockton, California). We used the "gillnetfunctions" package for R (https://www.stat.auckland.ac.nz/ϳmillar/ selectware/R/, accessed on 13 August 2013) to fit relative retention curves to evaluate the selectivity of our gill nets (Millar and Holst 1997) . Counts of splittail fork lengths (FL; grouped into 10 mm increments) captured in each mesh were used in the analysis. A log-linear model that assumed equal sampling effort for each mesh was used to estimate the selectivity curves based on 662 individual splittail that were collected in 387 gill net sets. The resulting selectivity curves (available upon request) indicated that while individual mesh sizes were selective for particular size ranges of splittail, together they effectively sampled splittail ranging in size from approximately 150 to 400 mm FL, which corresponds to ages 1-8. Splittail become sexually mature at approximately 180 mm FL as they near age 2, and few records of splittail >400 mm FL exist; thus, our collections generated a good representation of the adult splittail population.
Because the splittail is a demersal fish, the gill nets featured a heavy lead line and a floating top line to maintain position on the bottom of the water column and to ensure they were stretched vertically. The gill nets were stretched horizontally with the aid of anchors attached to the ends of the lead line. The gill nets were set during daylight hours for a duration targeting 60 min; set times were based upon the effective collection of splittail in a previous study (Nobriga et al. 2005) . Relatively short 60 min set times were required to ensure that collected splittail remain alive immediately prior to laboratory processing (described below) and to minimize the incidental catch of other state and federally listed endangered fish species. In practice, under variable field conditions, set time averaged 58 min and ranged from 25 to 127 min. Catches were standardized for effort (set time) for data analyses as described below.
Individual splittail collected in each set were carefully extracted from the gill net and kept alive in large containers filled with water taken at the site of collection. Gill net mesh size and splittail FL were recorded for each individual collected. Individuals were marked (unique fin clips) corresponding to the specific net set in which they were collected and transported to the laboratory at the end of the day with aeration and salt added to the water to minimize stress. Travel time from the field to the laboratory was approximately 60 min, and splittail were processed immediately upon arrival.
Habitat characteristics recorded in the field included water temperature (°C), salinity, turbidity (NTU), and chlorophyll concentration (g·L −1 ), all of which were measured for each sampling event at the depth of the gill net. Secchi depth (cm) and total water depth were also recorded. Offshore distance (km) of each sample was obtained by plotting sample coordinates (latitude and longitude) in Google Earth and using its ruler tool to estimate the shortest direct distance to land.
Genetic population assignments
DNA was extracted from caudal fin tissue using the QIAGEN DNEasy 96 kit (QIAGEN Inc.). Nineteen microsatellite markers were used for the study: CypG3, CypG4, CypG23, CypG25, CypG28, CypG35, CypG39, CypG40, CypG43, CypG45, CypG48, CypG52, CypG53, Pmac1, Pmac4, Pmac19, Pmac24, Pmac25, and Pmac35 (Baerwald and May 2004; Mahardja et al. 2012) . Methods for PCR and allele genotyping followed Mahardja et al. (2014) .
Genetic assignment of individuals to their respective population was conducted using STRUCTURE 2.3.3 (Pritchard et al. 2000) . We selected q value of 0.8 as the threshold for distinguishing between purebred individuals and potential hybrids or unassigned based on the efficiency and accuracy scores found in Vähä and Primmer (2006) . Age-0 splittail collected in Baerwald et al. (2006) and Mahardja et al. (2014) were used as references for the populations. Ten iterations of K = 2 were performed with all individuals and references included, no prior location information, 500 000 burn-in period, and 1 000 000 Markov chain Monte Carlo repetitions under the assumption of admixture and correlated allele frequencies. Replicate runs were averaged in CLUMPP 1.1.2 (Jakobsson and Rosenberg 2007) with the FullSearch algorithm.
Otolith microchemistry natal origin assignments
Strontium isotopic composition in otoliths (molar ratios of 87 Sr/ 86 Sr) has previously been used to determine the natal origins of individual splittail within the CV population (Feyrer et al. 2010 (Feyrer et al. 2010) . Existing otolith chemistry markers are unable to differentiate whether individuals in the PN were born in the Petaluma or Napa river with any reasonable degree of accuracy nor can it differentiate PN from individuals born in the San Joaquin River in the Central Valley (Feyrer et al. 2010) . Methods used for otolith preparation and chemistry analyses followed Feyrer et al. (2010) .
Demographic and health metrics
We used a suite of metrics to characterize key aspects of splittail demographics and health: size structure (length of individuals), mass at length, length at age, sex composition, Fulton's condition factor (K), hepatosomatic index (HSI), gonadosomatic index (GSI), and muscle protein, lipid, and ash content.
Splittail age was obtained from interpreting information contained within otolith microstructures. Thin sections of otolith were digitally imaged using an American Optical (AO) dissecting scope fitted with an ocular digital camera (AM Scope: http:// www.amscope.com) at 10× magnification. Annual age increments were quantified and measured using Image-J (NIH Imaging: http:// rsb.info.nih.gov/ij/). Each otolith was aged by two readers. Otoliths with discrepancies in annual age determination between the two readers were read a third time by each reader. Otoliths that had discrepancies between multiple age readings greater than 1 year were discarded from the study.
We calculated K as 100 × (total body mass/standard length 3 ), HSI as 100 × (liver mass/total body mass), and GSI as 100 × (gonad mass/total somatic mass). Muscle lipid, protein, and ash content were obtained from splittail muscle samples that were frozen and stored in a −80°C freezer. All muscle samples were freeze-dried and ground into a fine powder. The percent crude protein was calculated by determining the nitrogen content of the muscle. The ground muscle was weighed and combusted as detailed by AOAC Method 990.03 (AOAC 2006a) using a TruSpec CN Analyzer, which quantifies the amount of nitrogen in the muscle. The amount of nitrogen was converted to protein by the standard conversion factor for fish of 6.25 (AOAC 2006a). The percent crude protein was reported as percentage of protein (converted from nitrogen) in the dried sample. The percent crude lipid was calculated by determining the total lipid content of the muscle. The ground muscle was weighed, and crude fat was extracted by the Soxhlet extraction method as detailed by AOAC Method 2003 .05 (AOAC 2006b ). Lipids were extracted from the sample using the solvent ethyl ether. The solvent was evaporated by heat and recovered by condensation. The amount of crude lipid residue was determined gravimetrically after drying. The percent crude fat was reported as the percentage of crude fat residue in the dried sample. Crude percent ash was calculated by determining the inorganic content of the muscle. The ground muscle was weighed and combusted as detailed by AOAC Method 942.05 (AOAC 2006c) using a muffle furnace at 550°C for at least 3 h. The amount of ash remaining was determined gravimetrically after drying. The percent ash was reported as percentage of ash determined gravimetrically in the dried sample.
Data analyses
Study question (i): Are individuals from the two populations found disproportionately in specific geographic foraging regions or habitats of the estuary?
We used a combination of mapping spatial distributions and generalized additive modeling of habitat associations to address this study question using the random sampling data. Splittail spatial distributions were mapped with ArcMAP GIS software (ESRI, Redlands, California, USA) to determine if individuals from each population were found disproportionately in specific geographic regions of the estuary. Population-structured habitat associations of splittail were developed using generalized additive models (GAMs) implemented with the mgcv package in the R statistical programming language (Wood 2006) . GAMs are nonparametric extensions of generalized linear models useful for describing nonlinear relationships between variables. They are data-driven and do not presuppose a particular functional relationship between variables; smoothers characterize the empirical relationships between explanatory and response variables. Response variables were counts of splittail from each population in each sample standardized to 100 min of sampling effort (gill net set time). We first constructed single term models with the independent variables offshore distance, salinity, turbidity, and depth because existing knowledge (Moyle et al. 2004) , and exploratory data analyses indicated the potential importance of these habitat variables. We excluded two measured habitat variables from model construction, Secchi depth and chlorophyll concentration, because they were both correlated to turbidity (Secchi depth, r = −0.57, P < 0.001; chlorophyll, r = 0.37, P < 0.001), and temperature was deemed unimportant because all sampling was conducted within a single season and did not meaningfully vary spatially. Models were fit using a Poisson distribution with cubic regression spline smoothing functions. Gamma was set to 1.4 to help avoid the models from over-fitting the data (Wood 2006) . We chose habitat variables that produced statistically significant single-term models to build full multiterm models. In this case, habitat variables that produced statistically significant single-term models proved to also be statistically significant in the multiterm models; thus, no habitat variables were removed from the multiterm models in a backwards stepwise fashion. Habitat associations of the two populations were compared by assessing independent variables included in each final model and visually inspecting the form of their relationships to the response variable.
Study question (ii): Do individuals within aggregations or schools in their foraging grounds originate from the same population or natal region?
The extent to which mixing of populations or natal regions occurred within individual aggregations or schools was determined by testing the null hypothesis that the fractional composition (relative abundance) of individuals from each population or natal region in an individual sample (gill net set) was as expected by chance. This hypothesis was tested for each aggregation or school size observed in which there were at least two individuals. We used a resampling procedure to establish empirical sampling distributions by randomly resampling the available populations 10 000 times. Generating empirical sampling distributions allowed us to account for uneven population sizes, sample size variability, and non-normal distributions in the observed data. P values were calculated as the number of simulations for which the statistic was greater than or equal to the observed statistic divided by the total number of simulations, the statistic in this case being the fractional composition (relative abundance) of the numerically dominant population or natal region in a sample. We interpreted P values < 0.50 (which indicate that the sampling statistic was >50% of the 10 000 simulations) as evidence that the fractional composition of the dominant population or natal region was greater than what was expected by chance. This analysis explicitly assumes that an individual gill net sample provides a suitable representation of an individual aggregation or school of splittail. The analysis of natal origins was limited to individuals that were genetically assigned to the CV population because of the otolith microchemistry assignment limitations described above.
Study question (iii): Do individuals within a population or within a geographic region exhibit differences in demographic or health metrics relative to others?
Size structure was compared by visual examination of lengthfrequency plots across populations and at spatial scales corresponding to three regions: the brackish nonbreeding feeding grounds in the estuary, Petaluma River, and Napa River. Mass at length was evaluated by examining variability in the slope of the length-mass relationship across the same population and spatial scales. The length-mass relationship was expressed as a linear function: log(mass) = ␣ × log(length) + ␤. Variability in slopes was inferred from comparing 95% confidence limits for ␣. Variability in K, HSI, GSI, muscle protein, lipid, and ash was assessed separately by sex across the same population and spatial scales using analysis of covariance (ANCOVA). For these analyses we examined data pooled across years from individuals collected in both the random and targeted sampling.
Results
General results
The 178 random estuary samples collected (coincidentally) 178 individual splittail. Of this total, 116 (65%) were genetically assigned to the CV population, 56 (31%) were assigned to the PN population, and 6 (3%) were unassigned (Table 1) . Natal origins were determined using otolith 87 Sr/ 86 Sr for 105 of 116 individuals genetically assigned to the CV population, the majority of which (59%) originated in the delta (Table 2) .
Overall, splittail were observed in 30 of the 178 (17%) random samples, all of which occurred well east of San Pablo Bay and in littoral habitat (Fig. 2) . Overall mean (± standard deviation) CPUE (number of individuals per 100 min of sampling effort) was 1.6 ± 5.5. Albeit with considerable variability, overall mean CPUE of the CV population (1.1 ± 3.6) was approximately double that of the PN population (0.5 ± 2.2). Within the CV population, the CPUE of individuals with natal origins in the Delta (0.59 ± 1.9) was marginally higher than that of individuals with natal origins in the upper Sacramento River (0.39 ± 1.8). Mean CPUE solely for samples in which splittail were present was 9.5 ± 10.3.
Within the targeted sampling conducted in the Petaluma and Napa rivers, individual splittail were only observed in the upstreammost reaches of these rivers in which sampling occurred (Fig. 2) . The nature of these samples being targeted limits us to relatively simple interpretations of these particular catch data. The most notable result was that splittail were only observed in relatively confined upstream regions where salinity was ≤12.6; for perspective, salinity gradually increased downstream to >20 in San Pablo Bay.
Study question (i): Are individuals from the two populations found disproportionately in specific geographic foraging regions or habitats of the estuary?
Individual splittail from the two populations overlapped in spatial distribution within the estuary and therefore were not exclusively found in specific geographic regions ( Fig. 3; Table 1 ).
Individuals from the CV and PN populations were observed in approximately the same relative proportions in the estuary's embayments in both years of study. Individuals from the CV population were not found in the Petaluma and Napa rivers in 2010, a dry year, but were in 2011, a wet year (Table 1 ). The individuals in the Petaluma and Napa rivers that were identified as originating from the CV population had high Q values (all >0.80), suggesting the origin of these individuals is strongly assigned using our genetic approach.
The full multiterm GAMs explained 80% and 61% of the abundance variation (deviance) in the CV and PN populations, respectively. The CV GAM included all four available habitat variables: offshore distance, salinity, turbidity, and depth as statistically significant predictors of splittail abundance (P < 0.001). The PN GAM was similar except that offshore distance was not statistically significant (P > 0.05) and was therefore not included in the model. Deviance plots of partial responses showed that the two populations exhibited similar responses to turbidity and depth but different responses to salinity (Fig. 4) . With regards to turbidity, the response of both populations increased up to values of approximately 7-8 NTU and remained essentially flat thereafter. The response of both populations to depth dropped sharply at approximately 7-8 m. As mentioned, the two populations had different responses to salinity. Abundance of individuals from the CV population dropped when salinity reached approximately 9-10, while for the PN population it dropped when salinity reached approximately 15. The response to offshore distance for the CV population resembled a steep linear negative relationship; the response of the PN population was similar but, as mentioned, not statistically significant.
Study question (ii): Do individuals within aggregations or schools in their foraging grounds originate from the same population or natal region?
For the analysis on populations, there were 24 instances in the set of random estuary samples in which more than one individual splittail was collected (Table 3 ). In 18 of the 24 samples (75%) the fractional composition (relative abundance) of the dominant population was higher than what was expected by chance. Instances of the fractional composition of the dominant population being higher than expected by chance were insensitive to aggregation size.
For the analysis on natal origins, there were 17 instances in the set of random estuary samples in which more than one individual splittail was collected (Table 4 ). In 11 of the 17 samples (65%) the fractional composition (relative abundance) of the dominant natal origin was higher than what was expected by chance. Instances of the fractional composition of the dominant natal origin being higher than expected by chance decreased as aggregation size increased.
Study question (iii): Do individuals within a population or within a geographic region exhibit differences in demographic or health metrics relative to others?
Overall splittail size structure was generally consistent across populations and varied similarly by sex within each population (Fig. 5) . Splittail mass at length expressed over all individuals observed was described by the function: log(mass) = 3.20 × log(length) − 5.22 (P < 0.001, R 2 = 98.9). Slopes of the length-mass relationship (␣) varied from 2.94 to 3.32 across all possible combinations of comparison; 95% confidence limits suggested considerable overlap in the slopes of the length-mass relationship, regardless of how the fish were grouped (Table 5) .
Splittail ranged in age from 1 to 8 in our samples. Splittail from both populations and sexes exhibited indeterminate growth in length with age (Fig. 6) . ANCOVA results indicated that splittail length varied significantly as a function of age (P < 0.001) and sex (P = 0.001), with females longer than males at all ages, but we did not find evidence for variation in length at age across populations (P = 0.45). Regionally, however, there was a complete absence of individuals older than age 3 in the Petaluma River.
There was notable variability in K, HSI, GSI, muscle protein, lipid, and ash (Fig. 7) . ANCOVA results indicated statistically significant population differences in male GSI (PN > CV; P = 0.015) and spatial differences in female lipid (estuary > Napa; P = 0.006), female ash (Napa > estuary; P = 0.021), male K (estuary > Napa; P = 0.031), female GSI (estuary and Napa > Petaluma, P = 0.006), male GSI (Petaluma and Napa > estuary, P < 0.001), female HSI (Petaluma > Napa > estuary; P < 0.001), and male HSI (Petaluma > Napa > estuary; P < 0.001).
Discussion
Splittail population structure best matches our alternative hypothesis of a metapopulation, consisting of a dominant and a subordinate population that we suggest resembles the mainlandisland structure in metapopulation ecology (Harrison et al. 1988 ). All three key conditions for metapopulation dynamics appear to be fulfilled in splittail: (1) populations inhabit discrete breeding habitat patches separated by saline habitat unsuitable for spawning, (2) populations are spatially connected through dispersal of the dominant population into the subordinate population's spawning grounds, and (3) population dynamics and traits are not perfectly synchronous. No data presently exist, genetic or otherwise, to suggest finer-scale population structure may exist in splittail, i.e., each CV or PN population could potentially be composed of sets of populations. For example, there is no evidence that splittail within each population home to specific natal sites for spawning. Thus, until new data emerge to demonstrate otherwise, we feel it is appropriate at this time to use the term population to refer to the two groups.
The CV population is numerically larger and occupies a larger habitat area of likely better quality than the PN population, lending credence to the mainland-island type of structure. Similar to the mainland-island metapopulation model where dispersal from the larger mainland dominates the direction of connectivity to the smaller island population preventing extinction, here the CV population likely plays the mainland role to the smaller PN population as evidenced by CV origin fish occurring in the Petaluma and Napa rivers in the wet year (2011). Mahardja et al. (2014) estimated the effective size of the CV population to be orders of magnitude greater than the PN population. Based on geography alone, surface area of the occupied habitat in the Petaluma and Napa rivers is just a fraction of that in the Central Valley; the relative proportion of available habitat skews even further when water of suitable salinity is considered. Our observation that the health of individual splittail in terms of lipid stores and condition was less favorable in the Petaluma and Napa rivers (Fig. 7) provides indirect evidence of meaningful differences in habitat quality. Salinity, which is generally elevated in the Petaluma and Napa rivers, can also be viewed as a driver of habitat quality. Splittail inhabit elevated salinity sooner in life in the Petaluma and Napa rivers compared with the Central Valley (Feyrer et al. 2010) , and emerging data suggest that splittail populations exhibit differential physiological performance traits in response to elevated Fig. 2 . Spatial distribution of splittail catch per unit effort (CPUE; number of individuals per 100 min of sampling effort). The size of the CPUE data points is scaled according to the legend. Data points within the Petaluma and Napa rivers, including zero catches indicated by +, are targeted nonrandom sampling locations. All other data points outside of the Napa and Petaluma rivers, including zero catches indicated by ×, are random sampling locations within the nonbreeding rearing grounds. Fig. 3 . Spatial distribution of splittail population assignments in random samples located within the estuary nonbreeding rearing grounds. Pie chart sizes are scaled to the number of individuals in a sample (range = 1-34), and jitter was introduced to the sample locations to avoid pie chart superimposition. Splittail populations appear spatially connected by dispersal, yet segregation is maintained at multiple scales. In the SFE, individual splittail tend to aggregate or school with others of similar population heritage and natal origin. Generally similar behavior has been observed at various scales in other migratory fishes (e.g., McKinnel et al. 1997; Fraser et al. 2005; Barnett-Johnson 2007; Weitkamp 2010) . Associating with kin in splittail could potentially function to maintain population structure by exerting pressure on mate selection. It is unclear, however, if individual splittail obtain fitness benefits from such a pattern of segregation. For an analogous situation, genetic diversity benefits were shown to outweigh the benefits of kin association in a study of Atlantic salmon (Salmo salar) (Griffiths and Armstrong 2001) . With the exception of male GSI, none of the health and condition metrics we examined were statistically different between populations; the only apparent differences in health and condition were those mentioned above that varied according to geographic location. The range of possibilities driving the observed level of segregation range from simple chance encounter with no resulting benefits to complex social behaviors that could result in individual or group benefits not addressed in our study. Kin identification is not unprecedented, as it has been demonstrated in other migratory fish species (Brown and Brown 1992) . The two splittail populations further maintained segregation at the habitat scale, with the PN population generally occupying a higher salinity than the CV population, which reduces the likelihood that chance encounter is the driving force of segregation at the individual aggregation or school level.
The concept of synchrony requires special consideration and further study in the case of splittail because of the existence of dominant and subordinate populations. Further, some aspects of splittail life history traits suggest variable levels of synchrony, which may be unusual in classical metapopulation theory. Synchrony is typically assessed with time series abundance data, which, as with many ecological systems, is not available for the two splittail populations. Thus, we examined traits that could be indicators of demographic processes; results show that there were no meaningful differences in the traits we measured. This supports the idea that while there are two genetic populations, there is sufficient dispersal to maintain these traits in the two populations. The two splittail populations are clearly not synchronous with respect to absolute size. However, the relative abundances of age-0 production of the two populations may fluctuate synchronously in response to environmental forcing, a condition known as the Moran effect (Moran 1953 ). This seems reasonable because age-0 production of the CV population is strongly tied to hydrology (Sommer et al. 1997; Moyle et al. 2004) , and available data indicate that interannual fluctuations in outflow are similar in the Petaluma-Napa and Central Valley basins, albeit with considerable differences in absolute flow volume. Increased synchrony is generally thought to correspond with increased extinction risk to the metapopulation (Earn et al. 2000) . Modeling studies have suggested that the CV population is resilient to environmental conditions and has a low risk of extinction (Moyle et al. 2004) . However, similar efforts should be made to model extinction risks for the PN population, which may be particularly vulnerable to localized catastrophic events. Table 3 . Splittail population composition in random samples collected in the nonbreeding feeding grounds in the San Francisco estuary (see Fig. 3 Note: Data are provided for each sample in which at least two individuals were observed. Data shown include the size of the aggregation or school observed (total number of individuals observed), the numerically dominant population (PN = Petaluma-Napa, CV = Central Valley), the fractional composition (relative abundance expressed as a fraction) of the numerically dominant population in the aggregation or school, and P values associated with a test of the null hypothesis that the fractional composition was as expected by chance (see Methods for details). Asterisks indicate samples in which there were more individuals of the numerically dominant population observed than what was expected by chance. Table 4 . Splittail natal regions in random samples collected in the nonbreeding feeding grounds in the San Francisco estuary (see Fig. 3 for locations). Note: Data are provided for each sample in which at least two individuals were observed and for individuals that had been genetically assigned to the Central Valley splittail population. Data shown include the size of the aggregation or school observed (total number of individuals observed), the numerically dominant natal region, the fractional composition (relative abundance expressed as a fraction) of the numerically dominant natal region in the aggregation or school, and P values associated with a test of the null hypothesis that the fractional composition was as expected by chance (see Methods for details). Asterisks indicate samples in which there were more individuals of the numerically dominant natal region observed than what was expected by chance.
A poignant example of how population structure and dynamics play into extinction risks occurred in September 2010 when a spill released up to 2300 L of oil in the upper Petaluma River. This spill was concurrent with our study and may explain the observed absence of large adult females in this area during our study. If indeed these populations function as viable a metapopulation, then CV population adults could supplement or colonize the Petaluma River (as could PN population individuals from the Napa River). Such a process would resemble a mainland-island metapopulation structure, where persistence of the PN population depends on the existence of the more extinction-resistant CV population. However, given the genetic differences in the CV and PN populations, it is unclear whether the fitness of CV populations spawning in the Petaluma River could in fact result in meaningful contribution to the PN population. This example illustrates that in addition to dispersal-migration and connectivity, metapopulation models need to consider fitness differences in migrants, regionally correlated environmental forcing, and local processes and events to assess extinction risks.
Climate-induced dynamic habitat fragmentation could be a key driver of splittail metapopulation structure. Our results suggest that the two populations are connected spatially via dispersal of the dominant population into the subordinate population's spawning habitat when climate patterns produce enough rainfall and associated freshwater outflow to form a bridge of suitable low salinity habitat across the upper SFE. Specifically, no CV-origin fish were observed in the Petaluma and Napa rivers in the dry year, 2010. This is in contrast with the wetter year of 2011 where CV individuals were found to disperse into the PN. Woods et al. (2010) similarly used otolith chemistry and genetic tools to determine that catchment dispersal of Australian smelt (Retropinna semoni) was mediated by changes in hydrological connectivity. Habitat affinities of the two splittail populations suggest that a sustained salinity of approximately ≤12 is needed to form such a bridge. Hydrodynamic modeling studies (Gross et al. 2009 ) and historic outflow records together suggest such conditions occur in approximately 1/3 of years overall with an irregular frequency. The degree to which this dynamic pattern of spatial connectivity drives gene flow remains an important question for understanding splittail population dynamics. One possibility is that this pattern of spatial connectivity provides sufficient gene flow to maintain the existence of the two genetically similar populations. Another possibility is that the dynamic spatial connectivity between the two populations is sufficiently low that genetic drift and (or) selection will eventually drive the two populations to become separate species once adequate evolutionary time has passed. In either case, the trajectory of splittail evolution and population structure is likely to be shaped by future climate conditions. It is likely that a drier future constraining spatial connectivity could further diverge the two populations, while a wetter future increasing spatial connectivity could homogenize the two populations. The same general concept holds for management actions that would produce such conditions by altering the present physical configuration or hydrodynamics of the estuary, an important consideration given the strong interest in large-scale habitat restoration in the SFE. The availability of detailed future climate change scenarios downscaled for the SFE (Cloern et al. 2011 ) enable the trajectory of splittail Table 5 . Slopes (␣) and 95% confidence limits obtained from linear regressions of splittail log-(mass) at log(length) aggregated across species (all individuals), population (PN = PetalumaNapa population, CV = Central Valley population), and spatial (estuary feeding grounds, Napa River, Petaluma River) scales. evolution and population structure to be modeled. Such an effort would require additional research to quantify gene flow between the two populations. The ability to model climate-driven habitat fragmentation and associated evolutionary and population ecology trajectories of an aquatic species provides an unprecedented opportunity for the testing and application of theoretical and applied ecological science, as well as natural resource management. Fig. 6 . Box plot representations of the length of individual male and female splittail by age for each population. ANCOVA results indicated that there was no statistical difference in length at age between the two populations and that females were longer at a given age than males.
Group
Fig. 7.
Box plot representations of data on individual male and female splittail for Fulton's condition factor (K), hepatosomatic index (HSI), gonadosomatic index (GSI), and muscle protein, lipid, and ash content. The data shown are aggregated according to the spatial location within the system (Petaluma River, Napa River, estuary), with letters denoting statistically significant differences within boxes.
